Recently Cuoco and Hannestad have presented estimates for the neutrino flux of Centaurus A under the assumption that two out of the 27 highest energy cosmic-ray events observed by the Pierre Auger collaboration can be attributed to this galaxy. In this work we elaborate on this assumption and estimate the diffuse neutrino flux assuming that all cosmic-ray sources are similar to Centaurus A. Within the source model adopted in this work we find that AMANDA-II may be sensitive to the diffuse neutrino flux at ultra-high energies. Independent of the underlying source model, we predict that the diffuse neutrino flux will be detected before the neutrino flux from Centaurus A if the environment of Centaurus A is representative for ultra-high-energy cosmic-ray sources. Conversely, the observation of neutrinos from Centaurus A without an accompanying diffuse flux would imply that neutrino production in Centaurus A is much more efficient than in typical ultra-high-energy cosmic-ray sources.
I. INTRODUCTION
The Pierre Auger collaboration has recently reported (Abraham et al. 2007a; b) new results on the arrival directions of the highest-energy cosmic rays (CRs) . The data show strong evidence for anisotropy of these CRs, which suggests that at least some sources of ultra-high-energy cosmic rays (UHECRs) are relatively close. The correlation between the arrival directions of these CRs and the positions of known active galactic nuclei (AGNs) has lead the Pierre Auger collaboration to suggest that nearby AGNs, or astrophysical objects with a similar spatial distribution, are the sources of ultra-high-energy cosmic rays (Abraham et al. 2007a) . However, the observed deficit of UHECRs from the nearby Virgo cluster appears to be incompatible with such a source distribution (Gorbunov et al. 2007) . Therefore the origin of UHECRs remains unclear at present. It is intriguing that roughly ten out of the 27 highest-energy events observed by the Pierre Auger collaboration come from the region of the Centaurus cluster. In fact, two events are very close to Centaurus A (Cen A) which may indicate that this galaxy is an UHECR source.
In models of hadronic UHECR production one generally expects an accompanying neutrino flux. Depending on the models, the (non)observation of these neutrinos may provide valuable information on the physics of these sources, and hence contribute to the resolution of the longstanding problem of the origin of UHECRs. The connection between UHECRs and the diffuse neutrino flux has been studied by several authors (Bahcall and Waxman 2001 , Mannheim et al. 2001 , Waxman and Bahcall 1999 leading to theoretical upper limits on the diffuse neutrino flux.
More recently, Cuoco and Hannestad (2007) have presented estimates for the neutrino flux from Cen A under the assumption that this galaxy is the source of two out of the 27 UHECRs observed by the Pierre Auger collaboration. These authors predict a few neutrino events in IceCube during 5 years of operation. They have, however, not considered the diffuse flux of neutrinos due to unresolved sources.
In this work we entertain the possibility that Cen A is responsible for two out of the 27 UHECRs observed by Pierre Auger and that Cen A is a 'typical' UHECR source, i.e. we assume that the sources that are responsible for the other 25 observed UHECRs are similar to Cen A in nature (although they may be farther away). Based on this assumption we compute the diffuse neutrino flux and compare the detection prospects of the diffuse neutrino flux to the neutrino flux of Cen A. This approach is different from previous studies on the diffuse neutrino flux in that we use Cen A as a template source rather than assuming generic source properties. As we will demonstrate, the expected event rate in IceCube due to the diffuse flux is much higher than the neutrino flux from Cen A. Furthermore, the diffuse flux stands out above the atmospheric neutrino background for sufficiently high energies. Therefore, if the environment of Cen A is indeed representative of UHECR sources (implying in particular that the relative strengths of neutrino and UHECR fluxes in all sources are similar to those in Cen A), we expect that the diffuse neutrino flux will be detected before the neutrino flux from Cen A. On the other hand, the observation of neutrinos from Cen A without an accompanying diffuse flux would indicate that neutrino production in Cen A is much more efficient than in typical UHECR sources. This could provide further clues as to the nature of UHECR sources.
We estimate the diffuse neutrino flux from the neutrino flux of Cen A in a straightforward manner, using only the recent data on the UHECR flux from the Pierre Auger collaboration and accounting for the attenuation of cosmic rays from distant sources. This allows us to compare the detection prospects of the point-source flux from Cen A and the diffuse flux in a model-independent way. Very recently Halzen and O'Murchadha (2008) also considered the diffuse neutrino flux in the light of the recent Pierre Auger results, using UHECR data and gamma-ray data to constrain both hadronic and photohadronic production models. Our results are consistent with their work. This paper is organized as follows. In section II we discuss the neutrino and UHECR output of Cen A and estimate the diffuse neutrino flux from UHECR sources. In section III we estimate the detection potential of IceCube for neutrinos from Cen A and for the diffuse neutrino flux. We then compare the detection prospects for the neutrino flux from Cen A and the associated diffuse flux in section IV. We present our conclusions in section V.
II. CENTAURUS A AS A SOURCE OF COSMIC RAYS AND NEUTRINOS
A. The relation between UHECR and neutrino flux Hadronic models for UHECR sources typically predict a neutrino flux whose strength is related to that of the UHECR flux. In this study we adopt a model for UHECR production in AGNs discussed in detail by Mannheim et al. (2001) . This model also underlies the results obtained by Cuoco and Hannestad (2007) . The model assumes that a population of protons is accelerated to a power-law distribution extending to very high energies, e.g. through diffusive shock acceleration.
Due to the strong magnetic field assumed to be present in the source, these seed protons are confined to a region close to the source. However, the protons create neutrons and neutrinos in photopion interactions with the ambient photon field. Neutrons are not deflected by the magnetic field and can leave the source, although they also lose energy in interactions with the photon field. Far away from the source the neutrons decay and give rise to high-energy protons. These protons are then assumed to be the observed UHECRs. At low energies the relative strengths of the neutrino and the neutron fluxes depend only on the microphysics of the photopion process. In this regime we can express
where Φ 0 i denotes the differential flux of species i (neutron or neutrino) at low energies, ξ i is the energy fraction of the proton that is transferred to species i, and η νn is the ratio of the average neutrino energy to the average neutron energy. The value of these quantities depends on the spectral distribution of the photon field and can be estimated numerically. Following Cuoco and Hannestad (2007) we take ξ ν /ξ n = 0.2 and η νn = 0.04.
At higher energies the situation is complicated by the appearance of two spectral breaks in the cosmic-ray injection spectrum. These breaks occur at the energies where the optical depth for proton and neutron photopion production become unity, respectively (see Mannheim et al. 2001 for a thorough discussion). Since these energies are generally very similar, one may assume a single break energy E br . Below this break energy both the cosmic-ray injection spectrum and the neutrino spectrum are harder than the seed proton spectrum by one power of the energy. Above the break energy the cosmic-ray injection spectrum is softer than the seed proton spectrum by one power of the energy, while the neutrino spectrum follows the initial seed proton spectrum. Identifying the high-energy part of the injected cosmic-ray spectrum with the observed UHECR flux Φ UHECR , we can express the neutrino flux Φ ν as:
Normalizing to the observed UHECR flux, a lower break energy thus implies a higher neutrino flux. The break energy, being due to a change in photopion production efficiency, is determined by the ambient photon distribution. Since interactions between these ambient photons and gamma rays also give rise to a spectral break in the gamma-ray flux, it is possible to relate the break energy in the UHECR spectrum to a break energy in the observed gamma-ray spectrum. In fact, the two energies are related by E br ≃ 3 × 10 8 E γ,br , where E γ,br denotes the gamma-ray break energy (Mannheim et al. 2001) . Following Cuoco and Hannestad (2007) , we conservatively take E γ,br ≃ 200 MeV so that E br ≃ 10 8 GeV.
B. Normalization to the UHECR flux
We estimate the neutrino flux from Cen A following the analysis of Cuoco and Hannestad (2007) . We attribute two out of the 27 events with energy E > 5.6 × 10 10 GeV to Cen A. From this we reconstruct the flux of UHECR protons from Cen A:
where N (> E c ) = 2 is the number of observed events with energy above E c = 5.6 × 10 10 GeV; p = 2.7 is the UHECR power-law index; ω(δ s ) = 0.64 is the relative exposure for a source at declination δ s = −47 • ; A eff is the detector's effective area; and T is the observation time. 
where E ν, br = η νn E br = 4 × 10 6 GeV is the neutrino break energy
Under the assumption that the other 25 high-energy CR events detected by the Pierre Auger collaboration come from sources similar to Cen A, we can reconstruct the associated diffuse neutrino flux. Here we take account of the fact that neutrinos trace the injected UHECR proton flux, whereas the observed proton flux is attenuated by energy losses due to electron-positron creation and photopion production with CMB photons. This attenuation gives rise to the GZK cutoff for ultra-high-energy protons. The reduction of the proton flux may be parameterized by the modification factor (Berezinsky et al. 2006, Berezinsky and Grigor'eva 1988) 
where Φ UHECR and Φ inj UHECR denote the observed and injected UHECR proton fluxes, respectively. The modification factor for the present analysis is somewhat uncertain as it depends strongly on the proton energy near E c = 5.6 × 10 10 GeV. Here we conservatively take η = 0.2. We then find that the injected UHECR proton flux equals:
where now we have taken N (> E c ) = 27. From this we obtain our estimate for the diffuse neutrino flux due to Cen A-like sources: diffuse muon-neutrino flux. These limits apply to the AMANDA-II experiment (Achterberg 2007 ) in the energy range 1.6 × 10 4 GeV < E ν < 2.5 × 10 6 GeV, to the AMANDA-II experiment at ultra-high energies 2.0 × 10 5 GeV < E ν < 10 9 GeV (Gerhardt 2007; preliminary) , and to IceCube (Ahrens et al. 2004 ; projected upper limit for three years of data-taking).
In this work we only consider detection of muon neutrinos for definiteness. Due to oscillations the expected muon-neutrino flux at Earth is roughly 1/3 of the total neutrino fluxes expressed in eqs.
(4) and (7). The diffuse muon-neutrino flux is shown in figure 1 , together with the atmospheric neutrino background (see below).
III. NEUTRINO DETECTION WITH ICECUBE
A. General
In this work we restrict ourselves to the detection of muon neutrinos with IceCube. The expected number of neutrino events in IceCube for a neutrino source with differential flux Φ pt ν (E ν ) at an angle θ with respect to the nadir (i.e., θ = 0 points towards the North Pole) can be written as follows:
where T is the observation time; E ν the neutrino energy; E µ the muon energy; P ν the probability that a neutrino reaches the vicinity of the detector; P µ the probability that a muon is created that reaches the detector with sufficient energy for detection; A µ,eff the detector's muon effective area (which is close to the geometrical surface for high-energy muons); and n(E ν , E µ ) is the muon energy distribution resulting from the interaction of a neutrino with energy E ν . In the following we evaluate these quantities and make a number of simplifying assumptions.
Neutrinos interact with Earth nuclei through both charged-and neutral-current interactions.
Interactions of the former type lead to electron, muon, and tau production while interactions of the latter type degrade the neutrino energy. Here we assume that all interactions transform the neutrino and thus we neglect the 'regeneration' of lower-energy neutrinos by neutral-current interactions. The neutrino survival probability P ν can then be expressed as
where N A = 6.2 × 10 −23 cm −3 water equivalent (w.e.) is Avogadro's constant; σ νN is the total neutrino-nucleus cross section (including charged-current and neutral-current interactions); ρ(r)
is the density of the Earth as a function of the radial coordinate r = l 2 + r 2 E − 2lr E cos θ; and L = 2r E cos θ is the propagation distance for a neutrino through the Earth with nadir angle θ (r E = 6.4 × 10 8 cm is the radius of the Earth). Since there is no experimental data on neutrinonucleus interactions at the UHECR energy scale one has to rely on models to extrapolate the data from lower energies. In this work we use the neutrino-nucleus cross sections tabulated by Gandhi et al. (1996) . We adopt the Preliminary Reference Earth Model (see Gandhi et al. 1996) for the density profile of the Earth ρ(r). The muon detection probability P µ is:
where σ CC νN is the charged-current cross section, and R µ is the muon range within which the muon energy degrades to a minimum energy E min µ . This range can be approximated with
where a = 2.0 × 10 −3 GeV cm −1 (w.e.) accounts for ionization and b = 3.9 × 10 −6 cm −1 (w.e.) for radiation losses. In this work we adopt E min µ = 10 2 GeV unless otherwise stated. (Note that E min µ can be used as a cutting criterion to separate signal events from background events.) For simplicity we assume that a neutrino interaction leads to a single muon with energy
where the charged-current inelasticity y CC is tabulated in Gandhi et al. (1996) . Lastly, we use the IceCube muon effective area given by Ahrens et al. (2004) . This is the only quantity in our analysis that accounts for detector efficiency.
B. Downgoing neutrinos
Neutrinos from Cen A are downgoing for the IceCube detector. Hence the neutrino signal reaches the detector virtually unattenuated and we may approximate P ν ≃ 1 and
, where R d ≃ 2 × 10 5 cm denotes the detector depth. At the energies where downgoing muons are detectable the interaction length is determined by the detector depth (R d < R µ ), and hence we express
where 
and zero at lower energies. We note that the detection of downgoing neutrinos is challenging and requires special analysis techniques. Consequently our estimates for the detection rate of downgoing neutrinos may be too optimistic.
C. Diffuse neutrino flux
For an isotropic diffuse neutrino flux Φ diff ν (E ν ) we can express the number of detected neutrinos from eq. (8) by integrating over the angle θ. With the simplifying assumptions described above this yields
where Ω is the detector's opening angle and the shadowing factor S is given by:
In this work we take the maximum viewing angle θ max = 85 • , i.e. 5 • below the horizon.
IV. DETECTION POTENTIAL: DIFFUSE FLUX VERSUS POINT-SOURCE FLUX A. Atmospheric neutrino background
In order to assess the detectability of the neutrino signal considered here it is imperative to estimate the background due to atmospheric neutrinos. We parameterize the atmospheric muonneutrino flux as follows:
where the high-energy contribution is due to prompt charm decay. This parametrization is, by construction, close to the maximum background indicated in figure 11 of Ahrens et al. (2004) .
The atmospheric neutrino background is plotted in figure 1 , together with the diffuse neutrino flux estimated in eq. (7). As can be seen from the figure, the neutrino signal dominates over the background for energies E ν 10 6 GeV.
B. Detection prospects
First we consider the detectability of neutrinos from Cen A. Since the source is in the southern hemisphere IceCube can only observe it through downgoing neutrinos. To suppress the atmospheric neutrino background we consider only neutrinos with energy E ν > E min ν in the following. Using eqs.
(4) and (13), we find 0.1 muon neutrinos per year from Cen A with energy above E min ν = 10 5 GeV. This is consistent with results obtained by Cuoco and Hannestad (2007) , who find ∼0.3 events per year for neutrinos of all flavors. The number of atmospheric background events in this energy range is ∼0.07(θ/5 • ) 2 per year, where θ is the pointing resolution. We thus find that it will take at least several years to detect neutrinos from Cen A. Furthermore the detection of downgoing events is relatively difficult so that this estimate may be optimistic.
We now consider the diffuse neutrino flux due to Cen A-like sources. Approximately half of the neutrinos is upgoing. For this fraction we use eqs. (7) and (15) to estimate the number of muonneutrino interactions. In these equations we take E min µ = y CC (E min ν )E min ν for the detector threshold muon energy. In the same energy range as above (E min ν = 10 5 GeV) we find 4 neutrino events per year with a background of 5 events per year. The background is easily eliminated by raising the minimum neutrino energy: for E min ν = 10 6 GeV we find 2 events per year with 0.07 background events. These event rates are consistent with recent estimates by Halzen and O'Murchadha (2008) .
Further optimization of the SNR and event rate would require detailed modeling of the detector response and we will not pursue this here. Nevertheless, it is clear that IceCube is in an excellent position to detect the diffuse neutrino flux considered in this work within approximately a year.
Although upgoing neutrinos are in principle easier to detect it may be interesting to also estimate the number of events due to downgoing neutrinos associated with the diffuse flux. As may be seen in fig. 5 of Ahrens et al. (2004) , the muon effective area depends both on energy and nadir angle for downgoing muons. For simplicity we will use eq. (14) Raising the threshold energy to E min ν = 10 6 GeV, we find 6 signal events and 0.3 background events per year.
V. CONCLUSIONS
Assuming (i) that two of the 27 UHECR events observed by the Pierre Auger collaboration are from Cen A, (ii) that this galaxy represents a typical UHECR source, and (iii) that the neutrino flux is related to the UHECR flux by the model described in section II, we find that the diffuse muon-neutrino flux due to all UHECR sources is observable with IceCube within approximately a year. Optimistically, the observation of the point-source muon-neutrino flux from Cen A requires at least several years (Cuoco and Hannestad 2007) . Therefore we expect that the diffuse neutrino flux will be detected before the neutrino flux from Cen A. Reversing the argument, we conclude that detection of neutrinos from Cen A without the associated diffuse neutrino flux would imply that neutrino production in Cen A is much more efficient than in typical UHECR sources and hence that the astrophysical environment of Cen A is not representative for these sources.
Detection of the diffuse flux is not only favored because of the higher event rates, but also because it relies on both down-and upgoing neutrinos. Downgoing neutrinos are experimentally much more difficult to detect than upgoing neutrinos because of the atmospheric muon background.
Detection of neutrinos from Cen A with IceCube is only possible through downgoing neutrinos, which makes the detection prospects uncertain. In this light, it may be interesting to study the detection prospects for (future) neutrino telescopes in the Mediterranean Sea such as ANTARES (Aslanides et al. 1999) and KM3NeT (Katz 2006 ).
In our estimates of the detection rate we have only taken account of the detector efficiency through the expression for IceCube's muon effective area. We have not performed a detailed analysis of the detector efficiency, which introduces some uncertainty in our results. We have however verified that our estimates on the neutrino effective area for the upgoing diffuse flux agree with the literature (Achterberg 2007 , Desiati 2006 ) within a factor few. Hence the event rates for this component are accurate within a factor few. The observed event rate of downgoing neutrinos will likely be smaller than our estimates because the filtering of downgoing atmospheric muon background decreases the detector efficiency. The conclusions presented above remain robust with these uncertainties.
In order to estimate the point-source and diffuse neutrino fluxes we have used the model described in section II to relate the neutrino flux to the UHECR flux (see also Cuoco and Hannestad 2007, Mannheim et al. 2001) . Although the resulting neutrino event rates depend on the model parameters, the ratio of the diffuse neutrino flux to the neutrino flux of Cen A depends only on the fraction of UHECR events associated to Cen A and on the modification factor η (see section II). Therefore, the conclusion that the diffuse flux from Cen A-like sources offers better detection prospects than the neutrino flux from Cen A itself is independent of the modelling of the source.
Finally we note that our estimates indicate that the diffuse neutrino flux is within the reach of AMANDA-II. At the highest energies, the flux estimated in this work exceeds the preliminary upper limit based on an analysis of the AMANDA-II data at ultra-high energies (Gerhardt 2007, Halzen and Hooper 2006; see fig. 1 ). However, this analysis is based on an E −2 ν neutrino spectrum. Placing limits on the diffuse neutrino flux estimated here, which has a different energy spectrum, requires further study.
